Background Lorazepam is one of the preferred agents used for intravenous treatment of status epilepticus (SE). We combined data from two pediatric clinical trials to characterize the population pharmacokinetics of intravenous lorazepam in infants and children aged 3 months to 17 years with active SE or a history of SE. Methods We developed a population pharmacokinetic model for lorazepam using the NONMEM software. We then assessed exploratory exposure-response relationships using the overall efficacy and safety study endpoints, and performed dosing simulations.
Results A total of 145 patients contributed 439 pharmacokinetic samples. The median (range) age and dose were 5.4 years (0.3-17.8) and 0.10 mg/kg (0.02-0.18), respectively. A two-compartment pharmacokinetic model with allometric scaling described the data well. In addition to total body weight (WT), younger age was associated with slightly higher weight-normalized clearance (CL). The following relationships characterized the typical values for the central compartment volume (V1), CL, peripheral compartment volume (V2), and intercompartmental CL (Q), using individual subject WT (kg) and age (years): V1 (L) = 0.879*WT; CL (L/h) = 0.115*(Age/4. 7) 0.133 * WT 0.75 ; V2 (L) = 0.542*V1; Q (L/h) = 1.45*WT 0.75 . No pharmacokinetic parameters were associated with clinical outcomes. Simulations suggest uniform pediatric dosing (0.1 mg/kg, to a maximum of 4 mg) can be used to achieve concentrations of 50-100 ng/mL in children with SE, which have been previously associated with effective seizure control. Conclusions The population pharmacokinetics of lorazepam were successfully described using a sparse sampling approach and a two-compartment model in pediatric patients with active SE.
Introduction
Status epilepticus (SE) is a life-threatening condition of prolonged and repeated seizures. In the US, SE is estimated to affect 12.5/100,000 individuals, with a higher incidence in children\10 years of age (14.3/100,000) [1] . In-hospital mortality in adults and children is approximately 9 and 3%, respectively [1, 2] . Etiologies of pediatric SE include epilepsy, acute neurological conditions (e.g., stroke, central nervous system infection), and atypical febrile seizures [3, 4] .
Benzodiazepines are the standard of care for emergent initial treatment of SE [5] . Lorazepam is a preferred agent for intravenous treatment (diazepam is the other), but it is not approved by the US FDA for children \18 years of age. The Neurocritical Care Society treatment guidelines for SE recommend a lorazepam intravenous dose of 0.1 mg/kg, to a maximum of 4 mg [6] . This lorazepam dose was evaluated in children aged 3 months to 18 years with SE, in a double-blind, randomized clinical trial supported under the Best Pharmaceuticals for Children Act [7] . Lorazepam was found to be effective in 72.9% of participants, and 17.6% experienced respiratory depression.
The pharmacokinetics of lorazepam in children are not well delineated. Lorazepam undergoes hepatic metabolism mediated by uridine 5 0 -diphospho-glucuronosyltransferases (UGTs) to an inactive glucuronide metabolite, which is then excreted in urine [8, 9] . Specifically, UGT2B4, 2B7, and 2B15 have been shown in vitro to be important for the glucuronidation of the R-and S-lorazepam enantiomers, whereas R-lorazepam is also metabolized by the extrahepatic enzymes UGT1A7 and UGT1A10 [10] . Available data suggest that there are age-dependent changes in lorazepam disposition, particularly shortly after birth. One study in 10 critically ill term neonates found mean weightnormalized clearance (CL) was 80% lower compared with adults [11] . A separate investigation in 37 children (age 2 to B12 years) and 13 adolescents (age [12 to 18 years) noted that the mean weight-normalized volume of distribution was 50% higher than adults for both groups, whereas weight-normalized lorazepam CL was similar to adults [12] . We leveraged pharmacokinetic data collected through two clinical trials of pediatric SE [7, 13] to characterize the population pharmacokinetics of lorazepam in children aged 3 months to 17 years. We then explored the relationship between lorazepam parameters and concentrations with safety and efficacy endpoints in one of the studies.
Methods

Patient Population
Data from two studies were used to characterize lorazepam disposition in pediatric patients with SE. The inclusion criteria were the same for both studies: (1) age 3 months to \18 years; and (2) generalized tonic-clonic SE. The first study ('Status 1') was a multicenter, prospective trial of lorazepam pharmacokinetics in participants with SE or a history of SE (ClinicalTrials.gov identifier: NCT00114569). The pharmacokinetic results of this study have been previously published [13] . Briefly, there were two subject cohorts. One cohort received lorazepam (0.05-0.1 mg/kg by slow intravenous push [maximum of 4 mg]) with repeated dosing if necessary as per standard of care in the Emergency Department (n = 48). This cohort included sparse pharmacokinetic sample collection. The second cohort received elective lorazepam (0.05 mg/kg intravenously, single dose) with intensive pharmacokinetic sampling as part of a pharmacokinetic study in a clinical research center (n = 15).
The second study contributing data ('Status 2') was a multicenter, prospective, randomized efficacy and safety study comparing intravenous lorazepam and diazepam in infants ([3 months of age), children, and adolescents for the treatment of acute SE (ClinicalTrials.gov identifier: NCT00621478). Patients randomized to lorazepam therapy received 0.1 mg/kg (maximum of 4 mg) administered by a slow intravenous push. Patients were able to receive a second 0.05 mg/kg dose at 5 min if they were still experiencing active seizures. Pharmacokinetic data were available in 83 lorazepam-treated patients. The primary efficacy findings have been previously published, and the conclusion was that there was no statistically significant difference between lorazepam and diazepam in terms of cessation of SE by 10 min and no recurrence within 30 min [7] . The pharmacokinetic results of the Status 2 study are first reported in this publication.
Both pediatric studies were reviewed and approved by local Institutional Review Boards. For the Status 1 study, patients either pre-consented to participate in the study prior to presentation of SE, or consented to participate in the study after they had received lorazepam for the clinical treatment of SE in the Emergency Department. For the Status 2 study, participating hospitals submitted a sitespecific plan to their Institutional Review Board regarding the specific activities to address the requirements for the Exception from Informed Consent for Emergency Research (21 Code of Federal Regulations [CFR] 50.24). Thus, patients were treated prior to consent, and then, once their condition had stabilized, the family was approached to discuss the study and obtain written consent for continued study participation.
Pharmacokinetic Sampling
In the Status 1 study, participants receiving lorazepam per standard of care had up to five pharmacokinetic samples collected between 0 and 48 h following lorazepam administration. Participants in the second Status 1 cohort, who received elective lorazepam, had up to 13 pharmacokinetic samples collected from 0 to 48 h. The Status 2 study used a pharmacokinetic sampling scheme that collected a pre-dose sample and up to three post-study drug samples to 24 h post-dose. The pre-dose sample could be collected through the line used to administer the study drug, while post-dose samples were drawn through a separate intravenous line. Post-dose sample collection times were determined based on the time when the second intravenous line was established.
Bioanalytical Assay
Plasma lorazepam concentrations were quantified using a validated liquid chromatography-tandem mass spectrometry assay developed by the pediatric trials network (PTN) central laboratory (OpAns, Durham, NC, USA). Many of the pharmacokinetic samples were also previously assayed by another laboratory, but this laboratory failed to meet FDA quality control documentation requirements and thus the samples were reanalyzed. A comparability analysis evaluating the lorazepam concentrations from both laboratories showed that they were highly concordant, and thus the lorazepam concentration reanalysis results were used in the analyses described herein.
The following high-performance liquid chromatography (HPLC) instrumentation and conditions were used by the PTN central laboratory: Agilent 1200 Series HPLC system (Agilent Technologies, Inc., Santa Clara, CA, USA); Poroshell 120 EC-C18, 50 9 3 mm i.d., 2.7 lm Agilent analytical column; flow rate, 0.8 mL/min; column temperature, 30°C; run time, 4.7 min; and typical injection volume, 7 lL. Two mobile phase components were used: mobile phase A, water containing 0. An Agilent 6400 Series Triple Quadrupole was used with the following conditions: ionization interface, positive mode electrospray; gas temperature, 350°C; gas flow, 10 L/min; nebulizer pressure, 50 psi; polarity, positive; capillary voltage, 4000 V; sheath gas temperature, 250°C; and sheath gas flow, 11 L/min. [ 2 H 4 ]-lorazepam was used as the internal standard.
Calibration standards varying from 1 to 500 ng/mL in human plasma were used for method validation. Using 1/9 2 weighted power regression, the correlation coefficients obtained were better than 0.99 for all runs. Accuracy assessed using quality control samples (3, 40 , and 400 ng/mL) was within 15% of the theoretical value. In addition, precision values for all runs did not exceed a difference of 15%.
Population Pharmacokinetic Analysis
The lorazepam concentration versus time data from both studies were combined and modeled using the NONMEM version 7.2 software (ICON, Ellicott City, MD, USA). Diagnostic plots were executed in PLT Tools 5.1 (PLTsoft, San Francisco, CA, USA), the R Project 3.0.1 (downloaded from the University of California, Los Angeles, Los Angeles, CA, USA), and SAS 9.2 (SAS Institute, Inc., Cary, NC, USA). The bootstrap analysis was performed using Wings for NONMEM version 7.2 (University of Auckland, Auckland, New Zealand), and 1000 bootstrap sample datasets were generated. The visual predictive check was performed using the modeling toolkit Perlspeaks-NONMEM (PsN, version 3.6.2).
One-and two-compartment structural pharmacokinetic models were tested. The base model included allometric scaling using total body weight (WT) to account for size differences before consideration of other covariates. The twocompartment pharmacokinetic model equations are shown below (Eqs. [1] [2] [3] [4] .
where CL, Q, V1, and V2 are the individual values for CL from the central compartment, intercompartmental CL, central compartment volume, and peripheral compartment volume, respectively; h CL , h Q , and h V1 represent the population estimates for each respective parameter; V2 was estimated as a function of V1, and thus h V2 is unit-less; and WT i is the individual subject weight. The steady-state volume of distribution (V ss ) was calculated as the sum of V1 and V2. g i,CL , g i,V1 , and g i,V2 are random variables with a mean equal to zero and variance
, and
that denote the deviation from the group value (patients with the same weight) for CL, V1, and V2, respectively, in the ith individual. No between-subject variability was estimated for Q. The off-diagonal covariance for betweensubject variability parameters was assessed. For a twocompartment model, standard pharmacokinetic models and equations incorporated into NONMEM ADVAN3 and TRANS4 subroutines were used [14] . Diagnostic plots were used to assess the goodness of fit and appropriateness of the base model structure. Additive, combined additive plus proportional, and power residual errors were explored. Separate residual errors based on the study (Status 1 vs. Status 2) and intensive sampling (Status 1, cohort 2) was evaluated given the differences in study design and the sampling scheme (Status 1 had a cohort of patients with intensive pharmacokinetic sampling). For the power residual error model, the relationship between observations and individual predictions was described according to Eq. 5:
where Y ij is the jth observed concentration in ith subject; F ij represents the corresponding prediction; ERR STUDY1 and ERR STUDY2 are the residual error terms for the Status 1 and Status 2 studies (samples from their respective study utilize their study-specific ERR term and take a value of 0 for samples from the other study); and h POWER represents the power exponent for weighting of the individual prediction when applied to the residual error.
Covariate Analysis
Investigation of the relationship between potential covariates and pharmacokinetic parameters proceeded by estimating the individual empirical Bayesian estimates using the base model. Once the base model was identified, covariates were tested for their influence on the pharmacokinetic parameters CL and V2. The covariates evaluated included postnatal age, race, sex, hematocrit, aspartate aminotransferase, serum creatinine, and concomitant medications (carbamazepine, phenytoin, phenobarbital, and valproate). Race, sex, and concomitant medications were tested as categorical covariates, whereas the remaining covariates were tested as continuous variables. We did not look at dose or combination of concomitant medications, but did evaluate grouping of subjects taking at least one of the enzyme-inducing antiepileptic drugs as a categorical variable. With the individual parameter estimates, their deviation from the typical population parameter values (i.e. etas) was also generated. Next, graphical assessment of the relationships between pharmacokinetic parameters and potential covariates was performed by plotting the etas versus potential clinically relevant covariates. When trends were identified between covariates and etas, these variables were tested for model inclusion. We employed a forward inclusion and backward elimination approach to covariate selection using p value cutoffs of 0.05 and 0.005 (change in the objective function value of 3.84 and 7.88), respectively.
Model Simulations
Monte Carlo simulations were performed using the final population pharmacokinetic model to determine the distribution of lorazepam concentrations following a lorazepam 0.1 mg/kg intravenous push. The effect of a second dose at 0.05 mg/kg was also evaluated. Two hundred virtual patients with similar demographics as those in the original studies were simulated for each age group, and these simulations were compared with a target concentration range of 50-100 ng/mL based on published lorazepam pharmacodynamics and an average maximal concentration (C max ) of 70 ng/mL seen in adults following 4 mg administered intravenously [9, 15, 16] .
Associations between Exposure and Efficacy and Safety Endpoints
Only subjects in the Status 2 study had efficacy and safety measurements collected in a manner that allowed the exploratory assessment. They represent more than twothirds of the overall subjects in this analysis, and characteristics were similar to the entire dataset. More detailed description of the Status 2 subject characteristics can be found in the primary publication [7] . For these patients, exploratory exposure-response relationships were assessed using the overall efficacy and safety endpoints. The overall efficacy endpoint was defined as SE cessation within 10 min and sustained absence of seizures for 30 min, while the overall safety endpoint was defined as the absence of life-threatening respiratory depression (requiring assisted ventilation). Potential associations between predicted lorazepam drug concentrations at 10, 30, 60 and 240 min, pharmacokinetic parameters, and key clinical characteristics were initially compared in patients who met the pharmacodynamic endpoints, with those who did not using the Wilcoxon test. This was followed by a stepwise logistic regression analysis for characterization of the potential independent effects of drug exposure, which included age of the patient and other antiepileptic drugs (carbamazepine, phenytoin, phenobarbital, and valproate) individually and collectively as concomitant enzyme inducers (carbamazepine, phenytoin, and phenobarbital). The potential association between pharmacokinetic parameters and pharmacodynamic endpoints was evaluated because the former are expected to alter drug exposure. 
Results
Patient Data
Population Pharmacokinetic Analysis
A two-compartment structural model described the data well. Age and serum creatinine were the most impactful covariates for CL and V2, respectively, in the univariate screen; both resulted in a reduction in the objective function value of [8 points individually. However, the graphical associations between these covariates and pharmacokinetic parameters were modest. The multivariable analysis did not support the inclusion of both age on CL and serum creatinine on V in a combined model, nor did any other potential covariates improve either of these models. The age CL and serum creatinine V2 models were similar in terms of goodness of fit. While the model incorporating serum creatinine on V2 had a slightly lower objective function value (2793.4 for serum creatinine V2 and 95th percentiles for the observed and simulated data, respectively. The shaded grey region represents the 90% prediction interval. One thousand simulations were performed pharmacokinetic parameters, covariates, and variances, along with the percent relative standard error of these estimates, bootstrap medians, and the 95% confidence intervals (CIs) for these values, are listed in Table 2 . Eta shrinkage estimates for CL, V1, and V2 were 9, 20, and 61%, respectively. Removal of the between-subject variability on V2 worsened the data fit. In addition, because the exploratory pharmacodynamic analysis was focused on defining early lorazepam individual predicted concentrations, which are heavily dependent on V1 and V2, the eta on V2 was included in the final model. The power residual error model and separate proportional errors for each study enhanced the model goodness of fit. Inclusion of an additive residual error did not improve the model. The median bootstrap V1 and CL estimates were within 10% of population estimates from the original data set. While the observed V2 and Q were within the 95% CI bootstrap estimates, the observed values are lower than the median bootstrap value, indicating less precision in these parameter estimates. However, the calculated V ss was within 5% of the value derived from the bootstrap estimates for V1 and V2. Overall, there was significant unexplained betweensubject variability ([40%) for CL, V1, and V2. The visual predictive check indicated that the model adequately described the data; less than 10% of the observed data fell outside the 90% prediction interval. Individual empirical Bayesian estimates are shown in Table 3 . When scaled by linear body weight, individual subject post hoc CL estimates decreased slightly and half-life increased with age. There was no apparent effect of age on V ss .
Lorazepam Predicted Concentrations Based on Individual Pharmacokinetic Estimates
Individual empirical Bayesian estimates for pharmacokinetic parameters were used to predict C max for study patients. The median predicted C max based on a dose of 0.1 mg/kg (maximum dose of 4 mg) was 104 ng/mL; more than 92% of patients had predicted C max values [50 ng/ mL. While 54% had C max concentrations [100 ng/mL, with the typical alpha half-life of \20 min, typical lorazepam concentrations fell to 75-80 ng/mL after 10-15 min.
Dosing Simulations
Using the final pharmacokinetic model and Monte Carlo simulations, lorazepam exposure following a 0.1 mg/kg dose was assessed. The initial lorazepam concentrations 5 min after administration were [50 ng/mL in (1) was fixed to unity, and the individual predictions were raised to a power exponent denoted as h POWER approximately 90% of simulated pediatric patients, while half of simulated patients had concentrations [100 ng/mL. By 4 h, concentrations in 7% of simulated patients were [100 ng/mL, yet concentrations were maintained above 50 ng/mL in 56% of simulated patients. As expected, administration of a second dose of lorazepam (0.05 mg/kg) resulted in higher concentrations than those following single-dose administration; however, less than one-third of simulated patients with two doses had protracted concentrations [100 ng/mL for 4 h.
Associations between Exposure and Efficacy and Safety Endpoints
For the Status 2 study data, there were no associations among dose-independent pharmacokinetic parameters, CL (L/h/kg), V ss (L/kg), or V1 (L/kg), and efficacy (p = 0.41, p = 0.21, and p = 0.35, per Wilcoxon test, respectively) or safety defined as the need for mechanical ventilation (p = 0.515, p = 0.32, and p = 0.32, Wilcoxon test, respectively) (Fig. 4) . Mean (±standard deviation [SD]) predicted lorazepam concentrations at 10 min (C 10min ), 30 min (C 30min ), and 4 h (C 240min ) after initiating therapy were higher in patients who failed the safety criteria (C 10min : 160 ± 73 vs. 119 ± 47 ng/mL, p = 0.017; C 30min : 131 ± 60 vs. 100 ± 37 ng/mL, p = 0.034; C 240min : 103 ± 57 vs. 76 ± 31 ng/mL, p = 0.058). Higher lorazepam concentrations were also seen in patients who failed the efficacy criteria (C 10min : 168 ± 70 vs. 109 ± 32 ng/mL; C 30min : 144 ± 52 vs. 91 ± 28 ng/mL; C 240min : 112 ± 46 vs. 58 ± 26 ng/mL, all p \ 0.0001).
Patients with continued or recurrent seizures received a larger total lorazepam dose than those who met the efficacy criteria: total median dose 0.15 vs. 0.10 mg/kg, respectively (p \ 0.0001, Wilcoxon test). In addition, more phenobarbital use was seen in patients with continued or recurrent seizures (43 vs. 5%, p \ 0.001) and more phenytoin/fosphenytoin use in patients who failed the safety criteria (58 vs. 8.5%, p \ 0.001), likely due to additional use of these antiepileptic drugs for prolonged seizures.
Stepwise logistic regressions of pharmacokinetic parameters, predicted lorazepam concentrations during the first 4 h post-dose, cumulative lorazepam dose, concomitant antiepileptic drugs, and age did not identify any pharmacokinetic parameter or lorazepam concentration time point as an independent predictor of efficacy or safety outcomes. Limiting the safety analysis to include only patients who met the efficacy criteria did not change the analysis results.
Discussion
Pediatric SE represents a particularly difficult study population in which to perform pharmacokinetic/pharmacodynamic evaluations due to the life-threatening nature of the condition, the need to dose medications until an adequate response is observed, use of concomitant medications that can alter drug elimination or serve as a confounder, and challenges associated with obtaining informed consent and collecting blood samples during an emergent situation. However, clinical pharmacology studies in pediatric SE are important because drug disposition may be altered as a result of pathophysiological changes (e.g. metabolic or respiratory acidosis, hemodynamic instability), and optimal dosing regimens need to be used during these emergent events.
The present study evaluated the population pharmacokinetics of lorazepam in 145 pediatric patients as young as 3 months of age with acute SE. A significant number of pharmacokinetic samples were collected shortly after drug administration in order to characterize the early lorazepam concentrations and the initial volume of distribution, both of which are important factors for SE patients. The resulting population pharmacokinetic model characterized the disposition parameters of lorazepam in these infants and children with reasonable certainty. As previously CL clearance, CL_WT weight-adjusted clearance, V ss steady-state volume of distribution, V ss _WT weight-adjusted steady-state volume of distribution described, the population pharmacokinetics of lorazepam in children were well described using a two-compartment structural pharmacokinetic model [13] . Relative to our previous publication [13] , combining the data from two pediatric studies allowed us to more than double the number of children aged 3 months to \3 years in our analysis. CL and volume of distribution estimates were in the range seen in non-seizing pediatric and adult populations, strongly suggesting that acute SE does not have a pronounced, persistent influence on lorazepam pharmacokinetics [17, 18] . The rapid antiseizure effects of lorazepam and logistic difficulties of collecting very early pharmacokinetic samples limited the pharmacokinetic data during ongoing seizures, and thus the current study may have missed transient acute pharmacokinetic effects of SE. Although the number of patients receiving other anticonvulsants was limited, the presence of treatment with concomitant antiepileptic drugs was not identified as a significant covariate for pharmacokinetics. While a maturation-age effect was seen in our model when size was allometrically scaled (L/h/kg 0.75 ), weightnormalized CL was 0.058 L/h/kg in younger patients (\13 years) compared with 0.048 L/h/kg in adolescents. This is consistent with another study where a modest (yet non-significant) age effect on weight-normalized CL was also reported: mean (SD) 0.076 (0.034) L/h/kg in children aged B12 years vs. 0.062 (0.024) L/hg/kg for children aged [12 years [12] . In contrast, in 10 critically ill term neonates with seizures (mean [SD] gestational age 39.6 [1.4] weeks, postnatal age not reported), lorazepam weight-normalized CL was lower (mean [SD] 0.014 [0.0066] L/h/kg) and was found to correlate with gestational age [11] . Thus, it is likely that only a modest age effect was observed in our study as all children were [3 months of age. This is also consistent with available in vitro and in vivo data that suggest significant developmental changes in UGT activity during the first 6 months following birth, and less profound age-dependent changes thereafter [13, [19] [20] [21] .
Since lorazepam dosing is weight-based, one would expect greater exposure in older patients; however, the therapeutic approach of lorazepam use in SE is as a singleor two-dose regimen. This loading approach translates into persistent but not higher concentrations. In addition, the truncation of dosing at 40 kg body weight (maximum single dose of 4 mg) has the net effect of giving lower milligram/kilogram doses in adolescents in accordance with their lower weight-normalized CL. The CL difference between ages \3 years and 3 to \13 years was small when compared with age C13 years. Since the oldest age group represents adolescents, most with body weights above 40 kg, the dose limit of 4 mg will help prevent prolonged high concentrations in this age group.
In adults, a 4 mg intravenous dose is recommended for the treatment of SE [9] . If seizures continue after a 10-15 min observation period, then an additional 4 mg dose may be warranted [9] . In children, dosing recommendations are lacking in the product labeling. The primary analysis of the Status 2 study showed that a 0.1 mg/ kg intravenous dose (4 mg maximum) achieved cessation of SE for 10 min, without recurrence within 30 min, in 72.9% (97/133) of children [7] . Approximately 18% of children who received lorazepam required assisted [22] .
The ideal target range for lorazepam concentrations in children for the treatment of SE is unknown; however, in adults, one study noted seizure improvement (intractable complex seizures) with concentrations of 20-30 ng/mL [16] . In another study that evaluated the sedative effects of lorazepam in adult intensive care unit patients, a target concentration of 50 ng/mL was used [15] . In adults, a 4 mg dose results in an initial concentration of approximately 70 ng/mL [9] . Based on simulations performed using our final model, a 0.1 mg/kg dose (maximum of 4 mg) achieved concentrations [50 ng/mL in the majority of virtual patients 5 min after administration, and half had simulated concentrations [100 ng/mL. At 4 h following administration, over half of the virtual patients continued to have a lorazepam concentration above 50 ng/ mL, which may help explain the clinical findings in the Status 2 study that approximately 60% of patients had not returned to baseline mental status by 6 h. We found no association between pharmacokinetic parameters and efficacy or safety endpoints in children with SE. There were higher lorazepam concentrations in children who failed the safety or efficacy criteria, which is due to the additional lorazepam doses allowed in patients with continued or recurrent seizures and possibly greater use of other antiepileptic drugs. Of note, these patients may have had more severe epilepsy (more refractory to baseline treatments and lorazepam therapy) and thus needed higher doses to control their disease.
The analyses described herein leveraged data from two pediatric clinical trials to characterize the population pharmacokinetics of lorazepam in children aged 3 months to 18 years with acute SE. Combining the data from both these studies allowed us to maximize the amount of pediatric data used during population pharmacokinetic model development and explore the relationship between lorazepam parameters and concentrations with safety and efficacy endpoints in one of the studies. Although the pharmacokinetic results are consistent with previous studies, a few notable limitations should be acknowledged. First, due to the sparse pharmacokinetic sampling scheme used, a robust exposure-response analysis could not be performed; however, the sparse pharmacokinetic sampling approach is still the most practical approach for performing a clinical trial in this difficult-to-study patient population. Second, although the overwhelming majority of patients achieved lorazepam concentrations believed to be therapeutic, the ideal concentration range for children with acute SE is unknown. Last, we only had pharmacokinetic data for infants [3 months of age, which may have limited our ability to detect a more pronounced age effect previously described in neonates. Despite these limitations, we believe that our study provides important information regarding the disposition and dosing of lorazepam in children[3 months of age with acute SE. Future studies should be designed to help provide a better understanding of SE and treatment considerations in patients with SE.
Conclusion
The population pharmacokinetics of lorazepam were successfully described using a two-compartment model in pediatric patients with acute SE. After accounting for body size, age was a statistically significant covariate, with a modest impact on CL across the age continuum, likely reflecting developmental differences in UGT activity. No pharmacokinetic parameters were associated with efficacy or safety in one of the studies, but the study design limited determining the relationship between lorazepam concentrations and outcomes. These analyses suggest that uniform pediatric dosing (0.1 mg/kg, to a maximum of 4 mg) can be used to achieve concentrations in children with SE that have been previously associated with effective seizure control.
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